what is known already: MOMP in somatic cells is related to a variety of apoptotic traits, such as alteration of mitochondrial membrane potential (DCm), and increase in ROS production and DNA fragmentation. Although the presence of these apoptotic features has been reported in spermatozoa, to date the effects of MOMP on sperm function and DNA integrity have not been analysed. study design, samples/materials, methods: The study included spermatozoa from fertile donors. Motile sperm were obtained using the swim-up method. The highly motile sperm were collected and diluted with human tubal fluid to a final cell concentration of 5 × 10 6 ml 21 . To induce MOMP, selected sperm were treated at 378C for 4 h with a mimetic of a Bcl-2 pro-apoptotic protein, ABT-737.
Introduction
Male infertility is associated with high indices of DNA sperm damage, being correlated in turn with fertilizing incapacity, embryonic development disorders, and high rates of miscarriage (Aitken et al., 2004; Aitken and De Iuliis, 2010; Aitken and Koppers, 2011) . Moreover, sperm bearing altered genomes retain their fertilizing capacity and, either by natural conception or assisted reproductive techniques, can transmit abnormal genetic traits to their descendants (Barroso et al., 2009) .
Damage in sperm DNA is mainly attributed to two mechanisms: oxidative stress and endonuclease action. Oxidative stress can cause mutations, deletions or lethal genetic defects (Moustafa et al., 2004; Tominaga et al., 2004) , leading also to the formation of adduct bases (Makker et al., 2009; Tunc and Tremellen, 2009) , which cause breaks that destabilize the DNA structure (Aitken et al., 2012) . In other mechanisms, endonucleases integrated into the sperm chromatin can be activated even postmortem, fragmenting the DNA and thus finalizing the destruction of the cell (Sotolongo et al., 2005) .
Nuclear DNA fragmentation has been observed in somatic cells as a result of the formation of pores that lead to mitochondrial membrane permeabilization, causing alteration of the mitochondrial membrane potential (DCm) (Halestrap et al., 2002) , increased production at intracellular level of reactive oxygen species (ROS), and release of cytochrome c and other proteins into the cytosol that directly or indirectly fragment the DNA (Kilbride and Prehn, 2013) . Two mechanisms have been described in somatic cells for pore formation and permeabilization of the mitochondrial membrane. In one, the mitochondrial inner membrane (MIM) participates and involves the opening of a mitochondrial permeability transition pore (mPTP). In the other, the mitochondrial outer membrane (MOM) participates, and is mediated by the Bcl-2 family of proteins [reviewed by (Guaragnella et al., 2012) ]. The Bcl-2 family comprises three groups of proteins: (i) the Bcl-2 pro-survival proteins; (ii) the executioners, BCL-2-associated X protein (Bax) and BCL-2 antagonist or killer (Bak); and (iii) the BH3-only proteins. The last two groups correspond to proteins with pro-apoptotic activity (Garcia-Saez, 2012) . It has been said that the BH3-only proteins are normally found to be inactive or in low concentrations; nevertheless, in the presence of a stimulus, these proteins activate or their expression increases within the cell (Liu et al., 1996) , after which the executioners Bax and Bak are translocated from the cytosol to the MOM, change their conformation, are inserted within the membrane and oligomerize, forming pores that give rise to mitochondrial outer membrane permeabilization (MOMP) (Lovell et al., 2008; Llambi et al., 2011) .
In order to explain, the process that culminates in the activation of protein executioners Bax and Bak, models have been described that coincide in the final stage, in which 'dissociative BH3-only molecules' like the Bcl-associated death protein (Bad) participate, interacting with pro-survival Bcl-2 proteins to release or activate Bax and Bak to trigger MOMP (Oltersdorf et al., 2005) .
The dissociative action of Bad can be mimicked by ABT-737 [Protein Data Bank (PDB) entry: 2YXJ] (Oltersdorf et al., 2005) , a molecule designed specifically to mimic the BH3 domain of Bad (Oltersdorf et al., 2005) . ABT-737, developed originally as an anti-tumor agent, binds to Bcl-2, Bcl-xL and Bcl-w, disrupting their complexes with Bax and Bak, allowing MOMP induction (Konopleva et al., 2006 ).
MOMP has a major role in many human diseases (Garcia-Saez, 2012) , causing elevated ROS levels, decreasing DCm and damaging DNA (Galluzzi et al., 2012; Kilbride and Prehn, 2013) . However, the role of MOMP in altering sperm function remains largely unexplored, and thus the aim of this study was to evaluate whether MOMP occurs in human sperm as it does in somatic cells, and whether MOMP is associated with decreasing DCm and increasing ROS production and DNA fragmentation.
Materials and Methods

Semen sample donors
The study was performed on sperm from semen samples from apparently healthy fertile men in the general population who were informed and signed a written consent form. The study was approved by the Scientific Ethics Committee at the Universidad de La Frontera.
Semen samples were provided by four healthy donors aged between 25 and 40 years old and all of them provided more than one sample. Samples were obtained by masturbation after at least 2 days of sexual abstinence. Samples obtained from the same donor were requested with at least a 2-week interval. Semen was collected in sterile vessels and standard analysis was performed according to the World Health Organization (WHO) Manual (World Health Organization, 2010) . Only samples with normal sperm parameters according to WHO 2010 guidelines were used in the experiments.
Sperm selection
Highly motile sperm were selected using the swim-up method: 150 ml of semen were deposited in the bottom of a sterile conical polystyrene tube containing 500 ml of human tubal fluid (HTF) (Quinn et al., 1985) and incubated at 378C at a 458 angle for 1 h. The highly motile sperm were collected and diluted with HTF to a final cell concentration of 5 × 10 6 ml
21
. In all experiments the spermatozoa were incubated under non-capacitating conditions.
Stock solution of ABT-737
ABT-737 (Calbiochem/EMD Millipore, Merck, Darmstadt, Germany) was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 100 mmol/l and stored at 2208C. When used, the stock solution was diluted in HTF. The final maximum concentration of DMSO in each experiment was 0.05%.
Cellular cytotoxicity of ABT-737
In order to evaluate a possible cytotoxic effect of ABT-737, human sperm at a concentration of 2 × 10 6 ml 21 were incubated with different concentrations (1, 3, 10, 25 and 50 mmol/l) of ABT-737 in HTF, at 378C for 4 h (van Delft et al., 2006; Romani et al., 2011; Rooswinkel et al., 2012 ). An untreated control and a vehicle control were also included in each experiment. The vehicle control consisted of sperm aliquots exposed to 0.05% v/v of DMSO and also incubated at 378C for 4 h. After incubation, the sperm were washed and re-suspended in 1 ml of Dulbecco's phosphate-buffered saline (DPBS). Sperm viability was evaluated by exclusion of propidium iodide (PI) (Sigma-Aldrich Inc., St Louis, USA) used at a final concentration of 1 mmol/l. The cells were analysed by flow cytometry.
MOMP induction with ABT-737 in human spermatozoa
To evaluate MOMP induction by ABT-737, human sperm at a concentration of 5 × 10 6 ml 21 were incubated with 50 mmol/l of ABT-737 at 378C in HTF for 4 h. As a control, an aliquot of untreated sperm was incubated in identical conditions. Later, the sperm were washed once and re-suspended in 1 ml of DPBS. MOMP was evaluated by relocalization of cytochrome c with the InnoCyte TM Flow Cytometric Cytochrome c Release kit (Calbiochem, Merck, Darmstadt, Germany) . This method is based on the selective permeabilization of the plasma membrane, keeping the mitochondrial membrane intact, allowing the binding of a monoclonal anti-cytochrome c antibody and then a secondary anti-mouse immunoglobulin antibody conjugated with fluorescein isothiocyanate (FITC) (both antibodies included in the kit). Fluorescence intensity was analysed by flow cytometry.
Effect of ABT-737 on mitochondrial inner membrane permeabilization in human spermatozoa
To evaluate the effect of the mimetic ABT-737 on mitochondrial inner membrane permeabilization (MIMP), the calcein-AM/cobalt chloride method was used [Mitoprobe Transition Pore Assay Kit (Molecular Probes, Invitrogen, Eugene, USA)]. This method has been used in somatic cells to evaluate the mPTP opening (Petronilli et al., 1999) .
Sperm aliquots adjusted to 2 × 10 6 ml 21 were pre-incubated with 50 mmol/l ABT-737 in HTF at 378C for 4 h. After incubation the aliquots were incubated with 0.01 mmol/l calcein-AM and 0.4 mmol/l cobalt chloride. Three controls were also performed at the same time, incubating sperm aliquots with (i) calcein-AM; (ii) calcein-AM and cobalt chloride; (iii) calcein-AM, cobalt chloride, and ionomycin. The sperm were incubated at 378C for 15 min in darkness (Petronilli et al., 1999; Baines et al., 2005) . After incubation, the cells were washed once with DPBS. After removing the supernatant, the spermatozoa were re-suspended in 500 ml of DPBS and, in order to exclude dead cells from the analysis, PI was added at a final concentration of 1 mmol/l. Finally, the fluorescence intensity was analysed by flow cytometry.
Effect of MOMP induction on sperm DCm and ROS production in human spermatozoa
Once MOMP induction was demonstrated, its effects on DCm and ROS production were assessed, starting with an analysis of the dependence of these effects on ABT-737 concentration. To do this, aliquots of sperm suspension at 2 × 10 6 ml 21 were incubated with different concentrations of ABT-737
(1, 3, 10, 25 and 50 mmol/l) in HTF at 378C for 4 h. An untreated control and a vehicle (0.05%, v/v, DMSO) control were incubated at the same time. After incubation, the sperm were washed and re-suspended in 1 ml of DPBS. Next, we evaluated the effects of MOMP on DCm and ROS production in terms of its dependency on the incubation time with ABT-737. To do this, aliquots of sperm suspension at 2 × 10 6 ml 21 were incubated at 378C
with 50 mmol/l ABT-737 in HTF, and analysed every 1 h for 4 h. An untreated sperm aliquot was incubated as a baseline control and a sperm aliquot was exposed to 0.05% v/v of DMSO as vehicle control. Then, the sperm were washed and re-suspended in 1 ml of DPBS.
The DCm was assessed with the cationic reagent JC-1 (Mît-E-C TM Mitochondrial Permeability Detection, Enzo Life Sciences, Farmingdale, USA). For this purpose, 1 ml sperm aliquots at 2 × 10 6 sperm ml 21 were incubated with 1 ml of JC-1 concentrated 100× at 378C for 15 min. To analyse ROS production, 1 ml sperm aliquots at 2 × 10 6 sperm ml 21 were incubated at 378C for 15 min with 2 mmol/l dihydroethidium (DHE) (Molecular Probes, Life Technologies, Carlsbad, USA) and, in order to exclude dead cells from the analysis, 0.5 mmol/l SYTOX w Green (Molecular Probes, Life Technologies, Carlsbad, USA) was added. The DCm and ROS production were analysed by flow cytometry and measured as the mean fluorescence intensity (MFI) of JC-1 orange aggregates and of DHE, respectively.
Effect of MOMP induction on sperm motility
To evaluate the effect of MOMP on sperm motility, computer-assisted sperm analysis was used through the Integrated Sperm Analysis System software (ISAS; Proiser, Valencia, Spain). Negative contrast was used and a minimum of 200 spermatozoa were examined for each test using the adjustments for assessing human spermatozoa. The parameter settings were 25 frames/s; 15 -50 mm 2 for the head area; curvilinear velocity (VCL) .10 mm/s to classify a spermatozoon as motile. Neat semen samples were diluted to 5 × 10 6 sperm ml 21 with spermatozoa-free seminal plasma and the suspension was kept at 378C (World Health Organization, 2010). Aliquots of 0.4 ml of selected spermatozoa in HTF were exposed to 50 mmol/l of ABT-737 at 378C for 4 h. An untreated control and sperm aliquots exposed to 0.05% v/v of DMSO as vehicle control were also incubated at 378C for 4 h. Total motility, progressive motility and kinetic sperm parameters were assessed every hour.
Effect of MOMP induction on DNA fragmentation in human spermatozoa
The effect of MOMP on DNA fragmentation was also assessed. Aliquots of sperm suspension at 5 × 10 6 ml 21 were incubated with 50 mmol/l ABT-737 in HTF at 378C for 4 h. As a positive control, a sperm aliquot was simultaneously incubated with 5 mmol/l of ionomycin to induce MIMP, as this event is associated with DNA fragmentation of oxidative origin (Treulen et al., 2015) .
A negative control and a vehicle control (an untreated sperm aliquot and a sperm aliquot exposed to 0.05%, v/v, of DMSO, respectively) were also incubated at 378C for 4 h. After incubation, the sperm were washed and re-suspended in 1 ml of DPBS. The percentage of cells with fragmented DNA was analysed using the modified terminal deoxynucleotidyl transferasemediated dUTP nick-end labelling (TUNEL) assay with the In Situ Cell Death Detection Kit, Fluorescein (Roche). Afterwards, cells were re-suspended in 400 ml DPBS and analysed by flow cytometry.
Determining ROS levels produced by human spermatozoa after MOMP and MIMP induction
In order to determine the levels of ROS produced by MOMP and MIMP induction, sperm suspensions at a concentration of 2 × 10 6 ml 21 were incubated with 50 mmol/l ABT-737 and 5 mmol/l ionomycin, respectively, at 378C for 4 h. An untreated control was also included. To analyse the ROS production the procedure as described above in 'Effect of MOMP induction on sperm DCm and ROS production in human spermatozoa' was followed.
Flow cytometry
The fluorescence was measured and acquired in a FACSCanto II flow cytometer controlled by the FACSDiva TM v. 6.1.3 software (Becton Dickinson, San Jose, USA). Ten thousand events were acquired by each test with an aspiration speed of 60 ml/min. Fluorophores were excited at 488 nm using an argon laser. The green fluorescence (SYTOX Green and FITC) was detected using a filter with a bandwidth of 530/30 nm and the orange fluorescence (PI and JC-1 aggregates) was detected using a filter with a bandwidth of 585/ 42 nm, both on logarithmic scales. The MFI of the fluorophores (FITC, calcein, JC-1 and DHE) were determined from the geometric mean of the histogram of each analysis. The percentage of spermatozoa negative for PI and positive in the TUNEL assay were calculated from the number of cells with the fluorescence according to settings set at the beginning of the experiments (Fig. 1) .
Statistical analysis
All the experiments were repeated at least four times on different days. In each repetition the analysed spermatozoa were obtained from a different donor. Statistical analyses were performed using paired t tests, one-way and two-way analysis of variance (ANOVA) and Dunnett's and Bonferroni's multiple comparison test. Data were expressed as mean + SD of MFI. MFI of Figure 1 Flow cytometry representative graphs of vitality, cytochrome c re-location, mitochondrial membrane potential (DCm), reactive oxygen species (ROS) production and DNA fragmentation in human spermatozoa. Left graphs correspond to representative examples of untreated control and right graphs correspond to spermatozoa treated with 50 mmol/l of ABT-737. the fluorophores was determined from the geometric mean of the histogram of each fluorescence channel. Statistical significance was set at P , 0.05. The data analysis was performed with the GraphPad Prism 6 software package (GraphPad, La Jolla, CA, USA).
Results
Cellular cytotoxicity of ABT-737
To determine the effect of ABT-737 on cell viability, the sperm cells were incubated with ABT-737 at different concentrations commonly used in somatic cells to induce MOMP (van Delft et al., 2006; Romani et al., 2011; Rooswinkel et al., 2012) . Compared with the untreated control (97%), the sperm viability percentage was not affected by any of the ABT-737 concentrations tested after 4 h of incubation at 378C, and it was always higher than 94% (P . 0.05). Likewise, cell viability was not affected in the vehicle control after 4 h of incubation (P . 0.05). In the subsequent experiments, the ABT-737 concentration of 50 mmol/l was used.
MOMP induction with ABT-737 in human spermatozoa
Cytochrome c is a molecule found in the mitochondrial intermembrane space, which is why its release into the cytosol is an effective test of MOMP (King et al., 2007) . As shown in Fig. 2A , the MFI, as indicative of the presence of mitochondrial cytochrome c, decreased significantly in the sperm incubated with ABT-737 compared with the untreated control (P , 0.001).
Effect of ABT-737 on MIMP in human spermatozoa
To be able to attribute the effects of the mimetic to MOMP, it was necessary to demonstrate that the MIM is not permeabilized in the presence of ABT-737. To do this, we used the previously described calcein-AM/ cobalt chloride technique to show the mPTP opening, an event associated with MIMP (Petronilli et al., 1999) . As seen in Fig. 2B , no significant reduction in calcein fluorescence was observed in the sperm treated with ABT-737 and calcein-AM/cobalt chloride, compared with the cells incubated without ABT-737 (P . 0.05), which indicates that ABT-737 does not induce MIMP. On the other hand, the positive control of sperm treated with ionomycin, an ionophore that induces MIMP by cytosolic calcium overload, showed a significant reduction in calcein fluorescence compared with the sperm incubated without ionomycin (P , 0.001).
Effect of MOMP induction on sperm DCm and ROS production in human spermatozoa
It has been reported that ABT-737 causes MOMP in somatic cells with a simultaneous dissipation of DCm (Howard et al., 2009) . Figure 3A shows a concentration-dependent effect of ABT-737 on DCm. Additionally, our results show that the incubation of normal sperm with ABT-737 for 4 h was accompanied by DCm dissipation, from the lowest concentration tested, compared with the untreated control (P , 0.05). To evaluate whether the dissipation of the DCm is dependent on incubation time, the cells were incubated with 50 mmol/l of ABT-737 and evaluated every 1 h for 4 h. Figure 3B shows that the MFI of JC-1 decreased gradually and significantly from incubation time 0 with ABT-737, compared with the untreated control (P , 0.001).
DNA damage in human sperm has been linked to ROS and oxidative stress (Aitken et al., 2012) . In somatic cells MOMP is associated with an overproduction of ROS (Galluzzi et al., 2012) . Therefore, we evaluated the possible link between the presence of ABT-737 in the incubation medium and increased intracellular ROS production. As seen in Fig. 3C , the increase in the ABT-737 concentration was accompanied by an increase in ROS production, which was significant from 3 mmol/l compared with the untreated control (P , 0.01), and it was practically doubled with the concentrations of 25 and 50 mmol/l (P , 0.001). In terms of the time factor, Fig. 3D illustrates that the treatment with 50 mmol/l of ABT-737 induced a significant increase in ROS production at 1 h of incubation. The ROS levels increased gradually, reaching the plateau at 3 h and reaching more than double the ROS level observed in the untreated baseline control.
Effect of MOMP induction on sperm motility
DCm dissipation, an indicator of sperm quality in human spermatozoa (Troiano et al., 1998; Donnelly et al., 2000; Espinoza et al., 2009a) and overproduction of ROS, considered an endogenous infertility agent (Koppers et al., 2008) , are associated with decreased sperm motility (Evenson et al., 1982; Marchetti et al., 2002; Agarwal et al., 2008) . For this, after we evaluated the sperm DCm and ROS production, we analysed the effect of MOMP induction on sperm motility. The spermatozoa were incubated with ABT-737 for 4 h at 378C and sperm motility was measured every hour from the onset of incubation. Figure 4 shows that ABT-737 did not affect progressive sperm motility or total motility during the 4 h of treatment compared with the untreated control (P . 0.05). However, the kinetic motility parameters VCL, straight-line velocity (VSL) and average path velocity (VAP) were affected significantly in the spermatozoa after 4 h of incubation with ABT 737 (Table I) .
Effect of MOMP induction on DNA fragmentation in human spermatozoa
In somatic cells, the link between MOMP and DNA fragmentation has been described, attributed to ROS production (Cande et al., 2002) and to the release of pro-apoptotic molecules from the mitochondrial intermembrane space (Galluzzi et al., 2012) . To evaluate whether MOMP has the same effect on human sperm, these were incubated in the presence of ABT-737 for 4 h a 378C and DNA fragmentation was assessed using the TUNEL technique. As seen in Fig. 5 , incubation with the mimetic was not accompanied by an increase in the percentage of human sperm with fragmented DNA compared with the untreated control (P . 0.05). On the other hand, the positive control (after the induction of MIMP with ionomycin) showed a significant increase in the percentage of spermatozoa with fragmented DNA compared with the untreated control (P , 0.001).
Determining the levels of ROS produced by human spermatozoa after the induction of MOMP and MIMP
In order to compare the ROS levels produced in spermatozoa after MOMP induction with the levels after MIMP induction, two sperm aliquots were incubated at 378C for 4 h with ABT-737 and ionomycin, respectively. Figure 6 shows that both MOMP and MIMP induced an increase in ROS compared with the untreated control (P , 0.05). However, the level of ROS production induced by MOMP was lower than MIMP.
Discussion
In somatic cells, the MOMP is induced by Bax or Bak, both proteins in the Bcl-2 family, which induce pore formation in MOM (Wei et al., 2000 (Wei et al., , 2001 Kuwana et al., 2002) ; this process is strongly associated with progressive loss of mitochondrial function and DNA damage (Kushnareva et al., 2012) . Nevertheless, the role of MOMP in the alteration of sperm function remains largely unexplored. Therefore, we evaluated the association of MOMP induced with a Bad mimetic with DCm alteration, increased ROS production, sperm motility and DNA fragmentation in human sperm.
ABT-737 is a small mimetic molecule of Bad that induces MOMP by selectively acting on survival proteins Bcl-2, Bcl-xL and Bcl-w (Oltersdorf et al., 2005) . To demonstrate MOMP, the detection of cytochrome c release is a useful method (King et al., 2007) . Our results show that ABT-737 is associated with the release of cytochrome c from the mitochondrial intermembrane space demonstrating that ABT-737 induces MOMP in human sperm. In order to discard an effect of ABT-737 on MIMP, the calcein-AM/cobalt chloride method was used as it was previously on somatic cells to evaluate MIMP (Petronilli et al., 1999) . Our results show that cobalt chloride did not extinguish the mitochondrial calcein after treatment of human sperm with ABT-737, revealing that it did not induce MIMP in the conditions used in this study.
Once induction of MOMP by ABT-737 was demonstrated, we evaluated its effects on DCm, intracellular ROS production, sperm motility and sperm DNA fragmentation. DCm decreased drastically after incubation with ABT-737, which is consistent with the results of Chen et al. (2011) who showed in neurons that inhibition of Bcl-xL with ABT-737 caused a rapid dissipation of DCm. The importance of MOMP as a mechanism of sperm alteration is verified by its ability to alter DCm, considered an indicator of sperm quality (Troiano et al., 1998; Donnelly et al., 2000; Marchetti et al., 2002; Espinoza et al., 2009b) , and it is associated with hyperactivated motility, sperm capacitation and good fertilizing capacity [reviewed by (Piomboni et al., 2012) ].
It has been suggested that the link between MOMP and DCm in somatic cells is due to the drastically decreased level of cytochrome c available for mitochondrial respiration after MOMP induction, as well as alteration of electron transport, leading to a collapse in the proton gradient through the MIM [reviewed by (Kilbride and Prehn, 2013) ]. It has also been reported that Bax, in the presence of a Bcl-2 inhibitor such as Bad or ABT-737, oligomerizes and triggers MOMP, leading to the activation of caspase-dependent and -independent events, including the loss of DCm and the reduction of intracellular ATP (Grills et al., 2008) . Another explanation for the effect of ABT-737 on DCm is that ABT-737 specifically inhibits Bcl-xL, one of the pro-survival proteins of the Bcl-2 family located preferentially in the MOM, although it can also be found in MIM (Belzacq et al., 2003) , interacting with the adenine nucleotide transporter, a component of MIM (Jacotot et al., 1999; Halestrap et al., 2002) , and regulating a channel that controls the entry of calcium, thereby preventing DCm dissipation and the subsequent release of pro-apoptotic factors from the intermembrane space (Tornero et al., 2011) . In addition, Bcl-xL interacts with the b subunit of complex IV of the mitochondrial electron transport chain to stabilize the DCm (Andersen and Kornbluth, 2013; Kilbride and Prehn, 2013) . This may explain why its inhibition with ABT-737 is associated with DCm dissipation.
We also analysed the effect of ABT-737 on sperm ROS production, finding an increase in ROS that was concentration-and time-dependent. Excessive sperm ROS production is considered an endogenous infertility agent (Pasqualotto et al., 2000) , because it induces alterations such as reduced motility and viability, changes in morphology, peroxidative damage to the plasma membrane and DNA fragmentation (Agarwal et al., 2008) . It has been previously reported that ABT-737 induces ROS overproduction in somatic cells (Howard et al., 2009 ). It has also been reported that the expression of pro-survival Bcl-2 proteins is associated with an increase in cellular antioxidant capacity (Kowaltowski and Fiskum, 2005) . Given that the mitochondria is the main site for superoxide production, the mitochondrial location of Bcl-2 could confer protection against oxidative stress (Korsmeyer et al., 1995) , and its inhibition with ABT-737 may explain the overproduction of ROS in this study.
After we observed that MOMP alters the DCm and increases the level of ROS production, we evaluated whether the alteration of these parameters is associated with decreased sperm motility. Our results show a decrease in mean sperm velocity, although the progressive and total sperm motility were not reduced after exposure to ABT-737. A positive correlation has been reported between DCm and routine semen analysis parameters such as motility (Kasai et al., 2002; Espinoza et al., 2009a) . Interestingly, in our study the DCm decrease was not associated with decreased sperm motility.
Subsequently, we evaluated the association of exposure to ABT-737 with sperm DNA fragmentation. It has been previously stated that DNA damage in human sperm is caused mainly by oxidative stress , as the sperm are able to generate ROS (Aitken et al., 1998) , and ROS induces damage to the sperm DNA (Bennetts and Aitken, 2005) ; in addition, a correlation has been observed between DNA fragmentation and the presence of 8-hydroxy-2-deoxyguanosine (8OHdG) adducts (Aitken et al., 2012) . In a report by Koppers et al., the participation of endonucleases was discounted, asserting that although there are active nucleases in the sperm cytoplasm such as caspase-activated DNase (CAD) or those released from the mitochondria such as apoptosis-inducing factor and endonuclease G, these could not fragment the nuclear DNA because they remain in the midpiece of the spermatozoon as a result of the high compartmentalization of this cell . Therefore, it has been stated that one of the main contributors to DNA damage may be oxidative stress (Aitken et al., 2012) . Although in our study ABT-737 induced MOMP and increased ROS production, contrary to what we were expecting we did not observe any increase in the percentage of sperm with fragmented DNA. The greatest percentage of DNA fragmentation observed in the control treated with ionomycin shows that the normal sperm used in the experiments can experience breaks in the DNA, ruling out a technical problem in the results with ABT-737. Our explanation is that the level of ROS production induced by MOMP in human sperm was not sufficient to cause DNA fragmentation directly or to initiate a ROS production cascade that would culminate in this process. In order to verify, this hypothesis sperm were incubated separately with ABT-737 and ionomycin to induce MOMP and MIMP, respectively. Our results show that MOMP induces a ROS level significantly lower than MIMP, which could explain the negligible effect of MOMP on sperm DNA fragmentation in our experimental conditions. It has been reported that ROS at higher levels cause oxidative stress and DNA damage (Griveau and Le Lannou, 1997; Agarwal et al., 2004) .
To conclude, our results show that ABT-737, a Bad mimetic, induces permeabilization exclusive of MOM, which is associated with DCm dissipation, increased intracellular ROS production and a decrease in mean sperm velocity; however, it is not associated with a decrease in total and progressive motility. Unlike what has been described for somatic cells, MOMP induction in normal human spermatozoa and in the experimental conditions used here is not associated with an increase in DNA fragmentation. Nonetheless, the alterations of sperm functions accompanying MOMP are sufficiently relevant to justify its study in male infertility. 
